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The objective of the study described here is to determine the effects of
mechanical protrusions on the jet mixing characteristics of rectangular
nozzles for heated and unheated subsonic and supersonic jet plumes.
To accomplish these objectives, the characteristics of a rectangular
nozzle of aspect ratio 4 without the mechanical protrusions were first
studied. Intrusive probes were used to make the flow measurements.
Possible errors introduced by intrusive probes in making shear flow
measurements were also examined.
Several sizes of mechanical tabs were then tested, configured around the
perimeter of the rectangular jet. Both the number and the location of
the tabs were varied. From this, the best configuration was selected.
The following general conclusions were derived: (1) intrusive probes can
produce significant errors in the measurements of the velocity of jets if
they are large in diameter and penetrate beyond the jet center; (2)
rectangular jets without tabs compared to circular jets of the same exit
area provide faster jet mixing; and (3) further mixing enhancement is
possible by using mechanical tabs.
-ix-
1.0 INTRODUCTION
In a recent study by Ahuja and Brown (Reference 1) of Lockheed
Aeronautical Systems Company in Georgia, it was found that when small
mechanical tabs are placed at the lip of a round nozzle with cold or
heated flow, the jet mixing is enhanced considerably. The jet flow
velocity is reduced by as much as 50%, and for heated jets, the
temperature of the jet is also reduced noticeably. Based on the results
from Reference 1, two tabs appear to provide the best general result.
For two tabs, the jet centerline temperature, at an axial location of
X = 4D, was reduced 28 percent.
The present study reported herein is based upon the above results. The
objective of the present study was to determine if the mechanical tabs
could produce mixing enhancement in rectangular jets and to quantify
these effects. A rectangular nozzle with an aspect ratio of 4 and the
same exit area as the circular nozzle (Reference 1) was used. Three
sizes of tabs were designed. One tab was a scaled version of that used in
Reference 1. The test facilities and air supply ducting upstream of the
nozzle body were identical to those used in Reference 1. Data for cold
as well as heated jets were acquired as a function of tab configurations,
tab sizes, and jet Mach numbers.
The results of this effort are reported in two volumes. This volume
contains the results and discussion. The test facility, the nozzle, and
the tab design are described in Section 2.0. Errors introduced by
intrusive probes in making flow measurements are described in Section
3.0. The mixing characteristics of rectangular jets are presented in
Section 4.0. This section also includes a comparison of flow development
with that of a circular nozzle. The effects of tabs on the mixing
characteristics of rectangular nozzles are then described in Section 5.0.
Concluding remarks are presented in Section 6.
-1-
Volume II contains the measured data such as pressures, total
temperatures, and static temperatures, in a tabulated form.
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2.0 TEST FACILITIES AND EXPERIMENTAL PROCEDURES
The experiments described here were carried out in Lockheed's Jet Flow
Facility where the majority of the aerodynamic data of the previously
published Lockheed studies on jet mixing enhancement by acoustic
excitation was obtained. A detailed description of this facility can be
found in References 2, 3, 4, and 5. A general cross-sectional view of
the plenum section is shown in Figure 2.1. The acoustic excitation
source shown in the figure was present but was not used in this program.
2.1 Heated Air Supply
In essence, the flow in this facility is heated by a through-flow propane
burner up to 1,000 K and pressure ratios exceeding 4. The flow from the
burner enters through a 10-inch (25.4 cm) diameter plenum that is
followed by a contraction to a 4-inch (10.16 cm) diameter acoustic source
section. The test nozzles are mounted on the end of the 4-inch (10.16)
diameter section. For the 2-inch (5.08 cm) equivalent diameter nozzles
used for most of the work reported herein, the plenum-to-nozzle area
ratio was 25.
2.2 Rectangular Nozzle and Tabs
A rectangular nozzle having an aspect ratio (AR) of 4 was used in this
study. This nozzle mounts directly on the end of the 4-inch (10.16 cm)
diameter duct section. The nozzle translates, over 7 inches (17.78 cm)
of length, from this 4-inch diameter circular cross-section to a 3.54
inch (8.99 cm) by 0.866 inch (2.2 cm) rectangular section having the
equivalent area of a 2-inch (5.08 cm) diameter circular nozzle as shown
in Figure 2.2. The area equivalency of the rectangular nozzle and the














































































Basically, four sides of a circular section were machined off at the
proper angles and replaced by 1/4-inch thick plates that were trimmed to
fit. The nozzle was completed by machining a sharp lip on the exit.
Accurate positioning of the tabs at the nozzle exit was provided by an
array of mounting holes in the exit and mating hardware on the tabs. As
shown in Figure 2.3, a pair of blind mounting holes was provided at each
location where a tab might be mounted. One hole was drilled to accept an
alignment pin from the tab, and the other was drilled and tapped to
accept a screw that completed the alignment of the tab and secured it to
the nozzle.
The designs of the tabs are also shown in Figure 2.3. Though not shown
in the figure, the screw holes are countersunk so that the outside of the
nozzle lip is kept as open as possible.
Various tab configurations that were tested in this program are shown in
Figure 2.4, and the exact tab sizes for each configuration are shown in
Figure 2.5.
It should be noted that the sizes of tabs designated -A were scaled
versions of those used in the in Reference 1 where a 2-inch (5.08 cm)
diameter nozzle was used. The tabs used in that study are shown in
Figure 2.6 and Figure 2.7.
The tabs for the rectangular nozzle -A configurations, e.g. I-A and IV-A,
were scaled using the same ratios of tab dimension to nozzle dimension as
those for the circular nozzle but nozzle height or width was used in
place of nozzle diameter for tabs on the minor or major axis,
respectively. The ratios are given in Section 2.3.
For tabs mounted parallel to the minor axis, the -B tabs are 1.5 times
the -A sizes. For those mounted parallel to the major axis, the -B tabs

































































































Figure 2.6 Tab. Dimensions for Circular Nozzle
Figure 2.7 Tab Configuration for Circular Nozzle (Ref. 1)
ORIGINAL PAGE
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have both length and width equal to the length of the I-B tabs.
Configuration V-C is a combination of I-B and II-A. Thus, tabs of larger
and smaller scale than those used in the referenced study were tested.
2.3 Circular Nozzle
The same 2-inch diameter convergent nozzle that was used for the shear
flow control experiments reported in Reference 1 was also used in the
study for a limited number of tests. The tabs used in those tests were
made of 1/16-inch thick stock that was cut to the shape shown in Figure
2.6. The tabs protruded into the jet 0.2 jet diameters (D) and were
0.08D wide. The tabs are shown installed in several configurations in
Figure 2.7.
2.4 Nomenclature, Coordinate System, and Traverse Paths
This section presents nomenclature, the coordinate system, and the
traverse paths used in Figures 2.8 and 2.9, respectively.
2.4.1 Nomenclature
The terminology and symbols used in this report are given in Appendix A,
List of Symbols.
2.4.2 Coordinate System and Traverse Paths
The orthogonal coordinate system has its origin at the center of the
nozzle exit plane. The X-coordinate is positive in the downstream
direction, the Y-coordinate is positive to the left of the jet axis
































Horizontal traverses were made through the axis of the jet and parallel
to the major axis of the rectangular nozzle. Vertical traverses were
made similarly but referenced to the minor axis of the nozzle. Diagonal
traverses were made in the horizontal direction but with the nozzle
rotated clockwise 14 degrees looking downstream for the -14 degree case
and counterclockwise for the +14 degree case. These traverses are shown
in Figure 2.9. For the round nozzles, the traverses were simply
horizontal or vertical through the jet axis.
2.5 Test Conditions
Test conditions generally included various combinations of jet Mach
numbers (M-:) of 0.8 and 1.15; axial position in terms of equivalent jet
diameters (De) of X/De = 2, 5, 7, 9, 11, 13, and 15, and temperature
ratios (jet total to ambient static) of Tjt/To = 1 and 2.3. Mach numbers
for purposes of setting test conditions were calculated from the plenum-
to-ambient pressure ratio and assume a fully expanded jet with y = 1.4.
In the subsequent data reduction operations, Mach numbers were computed
using an iterative process that corrected Y for temperature variations by
interpolating in a table of gamma versus temperature.
2.5.1 Baseline
The initial set of measurements was made with the baseline nozzle to
establish a set of velocity and temperature profiles to which similar
profiles for the various tab configurations could be compared. The
nominal conditions and corresponding run numbers are given in Figure
2.10.
-14-













































































_ _ _ _ _ _ _ _
TAB346T
_ _ _ _ _ _ _ _
1.15 TAB185T TAB203T
BASELINE 11 0.8 TAB336T TAB367T
ROUND 13 0.8 TAB369T TAB368T
Figure 2.10 Baseline Test Conditions and Run Numbers
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2.5.2 Mixing Modification
The majority of the runs that were made to evaluate the mixing
modification produced by various tab configurations were made by
operating the unheated jet at conditions corresponding to fully expanded
jet exit Mach numbers of 0.8 and 1.15 and measuring the Mach number at
X/De = 9. Conditions and run numbers for these tests are given in Figure
2.11.
After the initial evaluation runs at X/De = 9 were examined, additional
runs were made for Configurations I-B and III-B for the unheated subsonic
case at X/De = 2, 5, 1, 11, 13, and 15. These runs are identified in
Figure 2.12.
The effect of mechanical tabs for the heated jet was examined at T-;/To =
2.3, Mj = 0.8, and X/De =5, 7, 9, and 13. The nominal test conditions
and corresponding run numbers are shown in Figure 2.13.
2.6 Test Procedures
The data acquisition process was automated so that the probability of
human error was reduced as much as possible. Only the setting of plenum
pressure and temperature was directly controlled by the operator; probe
movement and transducer readings were under computer control by means of
previously established command files.
The sequence of actions that constituted a run were as follows:
1. Find the center of the flow for the baseline
configuration at the X/De location of the
desired profile.
-16-
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Figure 2.11 (a) Mixing Modification Test Conditions
and Run Numbers - Mj =0.8
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TAB266T
Figure 2.11 (b) Mixing Modification Test Conditions
and'Run Numbers - Mj = 1.15
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HORIZONTAL VERTICAL
CONFIGURATION X/DE Tj/TQ Mj
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Figure 2.13 Test Conditions and Run Numbers for the Heated Jet
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2. Verify that the command file will execute the desired
traverse of the probe.
3. Execute the command file to begin the test run.
A. Take a transducer zero reading before the test.
5. Set the plenum conditions for the test.
6. Initiate the traverse and data acquisition.
7. Measure pressures and temperatures.
8. Take a transducer zero reading after the test.
9. Identify the data set (file name and comments).
10. Reduce the data.
The location of the center of the jet is found by making short horizontal
and vertical traverses in the vicinity of the jet center and adjusting
the traverse zeroes to the profile peaks. The peaks are located by
folding the left side of the profile over the right side and shifting the
axis left or right to obtain the best match of the folded and unfolded
profiles. For profiles that are not symmetrical, the region close to the
peak was favored. Figure 2.14 shows a typical plot used to identify the
center of the jet. In this example, the Z-axis had to be offset 3 mm
downward (delta Z = -3) to achieve symmetry. This new position became































































































































































































































































































































3.0 ERRORS INTRODUCED INTO THE FLOW MEASUREMENTS BY PROBES
3.1 INTRODUCTION
The facility used in this program was originally designed for non-
intrusive measurements through the use of a laser velocimeter
(Reference 2).
Recently in a NASA program, Lepicovsky, et. al. (References 3, 4, and 5)
made some jet velocity profiles measurements by a pi tot probe which
entered the flow from one side and penetrated to just beyond the jet
center. In the current program, however, to determine the effects of
mechanical tabs, it was necessary to obtain the complete velocity
profiles right through the jet. Therefore, a substantial portion of the
probe was immersed in the flow. Initial measurements made by a
commercial pitot-static probe with a thermocouple, indicated that the
velocity profiles were not symmetrical. Typical results are shown in
Figure 3.1. This raised some questions that had to be resolved. The
questions and related issues are discussed below.
The first question addressed was:
(1) "Is the facility itself introducing an asymmetry
in the velocity profiles?"
This question was resolved by making measurements in two different
facilities and also by examining the flow with probes penetrating the
flow from opposite sides. It was found that neither the facility nor the

























































































































































































































































































































































The second question addressed was:
(2) "Is the presence of the probe introducing some
acoustic excitation in the jet flow? If so, is
this effect a function of the size of the probe
and the amount of immersion of the probe?"
It was found that large probes that penetrate the jet flow beyond the jet
center may produce an acoustic excitation strong enough to modify the
flow considerably. This will be discussed in subsequent sections.
3.2 BACKGROUND
The excitation of the jet by probes in the flow is related to the so
called edgetone phenomenon first described by Powell (Reference 6). As
shown in Figure 3.2, the pressure perturbation generated at a probe
location travels upstream and excites an instability wave. This
instability wave produces additional sound, when it reacts with the
probe. The additional sound travels upstream and on reaching the nozzle
lip, completes the feedback loop consisting of upstream travelling sound
waves and downstream travelling instability waves, thus producing a self-
sustained resonance.
This is clearly related to self-sustained acoustic excitation of the jet.
There is ample evidence in the literature (Reference 2) that under
certain conditions, the jet, under acoustic excitation, will have a
broader plume resulting from the enhanced mixing brought about by the
excited instability wave.
For impinging jets where the same phenomenon exists, Reference 7
indicates that this phenomenon is more likely to exist at jet Mach
numbers in excess of 0.6 or so. In the present study at M = 0.8, it was






























center, high amplitude acoustic tones were heard and the jet shear layer
was found to be affected considerably. It is likely, therefore, that in
this case, the jet was significantly modified by the presence of the
probe as indicated in Figure 3.3.
3.3 TEST SETUP
The tests were run in the Lockheed Jet Flow Facility which is described
in more detail in Section 2. The nozzle was mounted on a 4-inch
(10.16 cm) diameter extended plenum of the air supply system. The probe
was mounted on a traverse frame that moved the probe in the streamwise,
horizontal, and vertical directions. Approximately 4 inches (10.16 cm)
of the probe extended beyond the probe holder.
Three different nozzles were used. Much of the work was done using a
2-inch (5.08 cm) diameter nozzle for which considerable reliable velocity
data exists (References 3, 4, and 5). A 4-inch (10.16 cm) diameter
nozzle (sharp-edged pipe) was used to evaluate the quality of the flow in
the plenum. Finally, the intended test nozzle, a convergent rectangular
nozzle of aspect ratio 4 and area equivalent to a 2-inch (5.08 cm)
diameter circular nozzle was used. These nozzles are shown in
Figure 3.4.
3.4 TEST CONDITIONS
Most of the tests were run at a Mach number of 0.8 and total temperature
ratio of 1 or 1.6 at X-distances of 1, 3, or 9 equivalent nozzle
diameters. However, some data were taken at a Mach number of 0.58 for

























The two probes used in this study were a Kiel probe with a miniature 1/16
inch diameter sensing head on a 1/8-inch diameter stem, United Sensor
model USD-C-6, and a 0.020-inch diameter boundary layer probe on a
1/8-inch diameter stem, United Sensor model BA-.020-12-C-11-.650. A
miniature thermocouple with a 0.020-inch OD sheath, Omega SCASS-020E-6,
was added to the Kiel probe for temperature measurements. These probes
are shown in Figure 3.5. Except where noted, the Kiel probe with the
thermocouple was used to obtain the data of this section.
3.6 MEASUREMENT PHILOSOPHY
The Kiel probe was selected because it is insensitive to flow direction
changes over a wide range of pitch and yaw. This is advantageous in
highly turbulent flows such as those in the near wake of the tabs and in
the shear layer of the jet. The basic plan was to compare its
measurements with those obtained by less intrusive means. This involved
comparison of the Kiel probe measurements with those made using a thin
boundary layer probe and a laser velocimeter.
The majority of measurements were made using a 2-inch (5.08 cm) diameter
conical nozzle whose characteristics are known. The first task was to
determine whether or not the facility produced some asymmetry in the flow
that it provided to the nozzle inlet. Another task was to determine
whether or not the new nozzle produced clean and symmetrical velocity and






























3.7.1 EXAMINATION FOR POSSIBLE FACILITY EFFECTS
Velocity profiles were measured vertically across the plume of a 4-inch
(10.16 cm) diameter nozzle at X/D=1 to assess the uniformity of the flow
in the 4-inch (10.16 cm) plenum that feeds the test nozzles in the Jet
Flow Facility. As shown in Figure 3.6, the pattern is flat in the core
region of the jet and reasonably symmetrical. The points shown as
circles on the left side of the jet axis have been transposed to the
right side and plotted as triangles for the purpose of illustrating
symmetry. The slight asymmetry that is seen in the profile is more
likely to show the effects of probe immersion than of actual flow
asymmetry as shown later.
Next, a 2-inch (5.08 cm) diameter convergent nozzle of known
characteristics was mounted on the 4-inch (10.16 cm) plenum section and
evaluated. Horizontal velocity and temperature profiles were measured at
X/D=3, the location at which mixing layer turbulence levels typically
peak. Any effects of non-uniform plenum velocity profiles should be
evident by then. As shown in Figure 3.7, the Mach number profile
displays excellent symmetry, and the temperature profile is, within a
reasonable scatter range, acceptably symmetrical.
3.7.2 EXAMINATION OF MEASURED TEMPERATURE PROFILES
A comparison of the temperature profiles measured by a commercial total
temperature probe and the modified Kiel probe show excellent agreement in
profile shape in Figure 3.8. The peak normalized levels are not
identically unity because temperature corrections had not been introduced
into the data reduction program at the time of these measurements. The
flatness of core flow and the agreement in profile shapes are the
-32-
important points of this figure. They show that the temperature profile
that is supplied by the burner system to the nozzle is uniform.
The next step was to verify that the installation of the sheathed
thermocouple had no adverse effects on the performance of the Kiel probe.
The velocity profiles shown in Figure 3.9 are essentially identical for
the probe with and without the thermocouple. Therefore, the installation
of the thermocouple did not affect the velocity sensing capability of the
probe.
Having established that the thermocouple installed on the Kiel probe did
not interfere with the velocity measurements and did measure temperatures
correctly, measurements were made across the 2-inch (5.08 cm) diameter
jet from below and above the jet. The profiles were found to be
asymmetrical, but they appeared to be mirror images of each other. The
profile measured with the probe approaching from above was reversed to
facilitate the comparison. As shown in Figure 3.10, the profiles are
good mirror images of each other. This is consistent with the conclusion
that neither the facility nor the circular nozzle introduces any
significant asymmetry into the jet velocity or temperature profiles.
3.7.3 EXAMINATION OF MEASURED VELOCITY PROFILES
The vertical velocity profile at X/D=3 measured by the Kiel probe is much
wider than that measured by the boundary layer probe as shown in Figure
3.11. Because an audible tone was heard during this Kiel probe run, it
is believed that instabilities in the shear layer have been excited by
the probe itself. The fact that the leading edge of the profiles have
the same shape up to the potential core suggests that the Kiel probe does
not significantly affect the flow until a substantial portion of the
probe is immersed in the flow. The boundary layer probe, being much
smaller, produced little, if any, affect on the flow profile on either










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In the absence of audible tones, the horizontal profile measured by the
Kiel probe agrees well with those measured by the boundary layer probe as
shown in Figure 3.12. The absence of audible tones suggests that the
flow had not been excited by either probe. In that case, no difference
would be expected between the measurements.
Velocity profiles measured by Kiel Probes across the circular nozzle from
above and below are essentially mirror images of each other as shown in
Figure 3.13 where the profile "from above" is plotted after reflection
across the jet axis. The profile is steeper on the side from which the
probe is entering the flow and broader on the opposite side. This
indicates that there is a threshold in the amount of flow interference
that is required before the flow is noticeably modified.
3.8 COMPARISON WITH LV DATA
Velocity profiles measured by the boundary-layer probe and by the LV at
X/D=3 and Mj =0.58 agree very well as shown in Figure 3.14. This
supports the idea that the boundary-layer probe is small enough so that
it does not appreciably affect the flow that it is trying to measure.
Vertical traverses across the rectangular jet typically are asymmetric
with a steeper slope on the side from which the probe enters the flow and
a broader profile on the opposite side. Because it is conceivable that
such behavior with the rectangular nozzle could be due, at least in part,
to some fault of the nozzle, profiles were measured with the nozzle in
its normal orientation and inverted. The profiles fall directly on top
of each other as shown in Figure 3.15. Therefore, the nozzle itself
cannot be the cause of the profile asymmetry. Probe effects on the flow
appear to be the cause of the profile broadening that is measured on the














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Because the boundary layer probe agrees with previous LV data, this
suggests that the Kiel probe produces accurate results until the
threshold level of probe insertion is reached.
3.9 DISCUSSION
Intrusive measurements have long been known to alter the flow that they
are intended to measure. The measurements are made more accurate by
making the probes less intrusive, which usually means smaller. That
process is limited, however, by the requirement for adequate strength in
the probe, and the required strength increases rapidly with flow
velocity. Therefore, some compromise between size and strength is
required. A Kiel probe with a miniature (1/16-inch diameter) head to
which a miniature thermocouple was added was found to be adequate for the
present program.
Broadening of vertical profiles made through the flow of an AR=4 nozzle
near its exit clearly show that the character of the flow can be changed
significantly when a probe is deeply immersed in it. It was not the
intent of this program to determine the detailed criteria, such as probe
size and immersion depth as functions of Mach number, that result in
significant modification of the flow at the measurement location.
However, a comparison of velocity profiles for the 2-inch (5.08 cm)
diameter circular nozzle obtained using the Kiel probe traversing upward
and using the LV does show that the Kiel probe did not significantly
affect the measurement on the lower (probe entrance) side of the flow.
-47-
3.10 CONCLUSIONS
1. The 1/8-inch diameter stem of the Kiel and boundary layer probes is
sufficiently large to modify the jet from a 2-inch (5.08 cm)
diameter jet or the equivalent area aspect ratio 4 rectangular
nozzle when enough stem is exposed to flow. The amount of stem
exposure required to modify the flow was not determined.
2. The pressure measuring performance of the Kiel probe was unaffected
by the installation of the sheathed thermocouple.
3. The modified Kiel probe produced the same total temperature profile
as did the shielded and vented commercial total temperature probe.
4. For the subsonic conditions of this program, the modified Kiel probe
is adequate for both temperature and pressure measurements, provided
that is it not inserted more than halfway through the jet.
5. A systematic investigation of the parameters of jet modification by
probes is needed to provide guidance in the selection of probes for
the measurement of profiles in jets. Important variables might
include such things as jet exit Mach number, local Mach number,
temperature, probe size, probe immersion, probe head shape, and
probe stem shape.
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4.0 MEAN FLOW MEASUREMENTS IN COLD AND HEATED RECTANGULAR JETS
4.1 Introduction
A considerable amount of mean flow data was acquired for the rectangular
jet without tabs as the baseline for measuring the effect of the tabs.
These data are presented in this section in the form of selected jet Mach
numbers and temperature profiles at various axial locations, X/De.
4.2 Background
Rectangular jets are important in the aerospace community due to their
use in vectored thrust applications on aircraft. Also, the use of
rectangular jets increases the mixing of the jet plume with the
surroundings and, hence, decreases jet detection. However, to date, data
from only a few sources are available documenting the mean flow field and
the classical turbulence properties of lower aspect ratio rectangular
jets.
Hsia, et. al. 8 , Krothapalli, et. al. 9, Marsters 10' n, Sfeir 12, Pani
and Dash ^, and Sforza ^' , have performed experimental studies of
rectangular jets. The majority of these studies were for aspect ratios
greater than 10 and were for jets with heights on the order of 5 mm. The
jet height (h) is the shorter dimension of the rectangular jet. Due to
the small height of the jet and the size of the measurement device (2-5
mm in diameter for both hot-wire and pressure probes), considerable probe
interference occurs in these measurements.
Hsia, et. al. 8, Krothapalli, et. al. 9, Marsters 10»1:L, and Sfeir 12,
measured the axial mean velocity (U), the axial turbulence intensity
(u')> the turbulence intensity normal to the major axis (v'), and their
-49-
product (u'v'). Krothapalli, et. al. 9 and Marsters 10 included the
measurement of the other turbulence intensity which was normal to the
minor axis (w') and its correlation with u' (u'w'). Marsters 10, who
used jets with the largest slot heights (12.8 to 17 mm), encountered
difficulties in using a crossed hot-wire probe in the small jets.
Determining the local mean velocity direction was virtually impossible in
the highly sheared flow. Each of the wires, displaced only slightly,
sensed different mean velocities, and yawing, the probe to get equal
outputs led to incorrect results.
Due to the problems encountered with the spatial resolution of hot-wire
and pressure probes and to the fact that the crossed hot-wire probes
cannot measure the entire Reynolds stress tensor nor the mean velocity
vector, there is no complete set of data available documenting the flow
field of rectangular jets. In the aspect ratio range of 2:1 to 4:1,
which is the aspect ratio range being considered for application to
aircraft, there has been only one study using crossed hot-wire probes by
Marsters 11.
Based upon these studies, it appears that rectangular jets exchange the
orientation of the major and minor axes at least once as the flow
progresses downstream. The proposed mechanism for this is the presence
of longitudinal vortical structures at the corners of the jet. However,
in order to completely understand this highly three dimensional flow,
measurements with high spatial resolution of the mean flow field of the
entire velocity vector and the complete Reynolds stress tensor are
needed. The measurement of all three components of the mean velocity
will identify and quantify the vortical structures present and provide
the information necessary for the basic understanding of the jet's
development. The Reynolds stress tensor measurements will provide
valuable information about the turbulent structure of the jet. This type
of data can only be obtained using a three dimensional laser anemometer
system and has recently been acquired by Morrison, et. al. *". Reference
16 presents complete mean velocity and Reynolds stress tensor
-50-
measurements along the major and minor axis planes for a 2:1 aspect ratio
jet. These measurements indicate that the jet spreads more rapidly along
the minor axis resulting in a larger normal velocity component in the
minor axis direction. The turbulence intensities attain approximately
the same value in the same regions on both planes indicating isotropic
turbulence.
Based upon these previous studies, it appears that the flow field of an
incompressible rectangular jet can be characterized by the presence of
three distinct regions as defined by the decay of the mean axial velocity
along the centerline of the jet Uc. These three regions are classified
as follows: a potential core region, where Uc is constant; a two-
dimensional type region, where Uc decays similar to a self-preserved two-
dimensional jet; and an axisymmetric type region, where Uc decays at the
same rate as a self-preserved axisymmetric jet. In the two-dimensional
type region, saddle shape mean velocity profiles were observed in the
plane containing the long dimension of the nozzle.
In light of the past experimental observations, the characteristics of a
rectangular jet are expected to depend upon the following parameters:
o aspect ratio of the nozzle
o inlet geometry of the nozzle
o Mach number at the nozzle exit
o Reynolds number at the nozzle exit
o type of exit velocity profile
o type of boundary layer at the nozzle exit
o magnitude of the turbulence intensity at the
exit plane of the nozzle




Mean flow measurements were made for the baseline nozzle for both cold
and heated subsonic flow and for cold supersonic flow. For cold subsonic
conditions, velocity profiles were acquired at X/De = 2, 5, 7, 9, 11, 13,
and 15 for a jet exit Mach number of 0.8. For heated subsonic
conditions, data were obtained at X/De = 5, 7, 9, and 13 for the same jet
exit Mach number. The heated tests were run with the ratio of plenum
total temperature to ambient static jet temperature of 2.3. Supersonic
jet measurements were made at X/De = 9 for a fully-expanded jet-exit Mach
number of 1.15. These conditions and the corresponding run numbers are
shown in Figure 4.1.
Velocity profiles (and temperature profiles for the heated case) were
measured along the vertical and horizontal axes of the jet and along the
-14° diagonal. As noted in Table 4.1, the +14° diagonal is included, and
the diagonals are not included for the heated jet at X/De = 7 and 13.
4.4 Measurement Philosophy
The test data acquisition system is automated so that the probe
positioning and pressure and temperature measuring processes are as
reproducible as possible. The test conditions of pressure and
temperature are manually set and maintained during the test, and they are
continually monitored by the data acquisition program. Transducer zero
readings are recorded at the beginning and end of each test run and are
used for applying zero offsets in the data reduction program where
transducer output is converted into pressure or temperature values.
Mach number and temperature ratios are computed in a plotting program.
Local Mach number is normalized to the jet exit fully-expanded Mach
-52-
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Figure 4.1 Baseline Test Conditions
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number as determined by the plenum-to-ambient pressure ratio.
Temperatures are presented as ratios of local temperature minus ambient
temperature to jet total temperature minus ambient temperature.
4.5 RESULTS
4.5.1 A Note on the Coordinate System
The Cartesian coordinate system (see Figure 4.2) used to describe the
measurements locations has the x-axis in the jet flow direction, the y-
axis along the major axis direction (3.54 inches, 8.99 centimeters) and
the z-axis in the minor axis direction (0.87 inches, 2.21 centimeters).
The origin of the coordinate system is the center of the nozzle exit
plane. The test conditions are all listed on the right hand side of each
figure. The topmost line of this text has the symbols used in a given
figure. The dotted line on the insert over the sketch of the rectangular
nozzle in the top right of each figure frame indicates whether the
measurements direction is horizontal (y), vertical (z), or a diagonal
(d).
Note that Dej is the equivalent diameter of a round jet having the same
area as the rectangular jet used here. Also note that in the text hj,











4.5.2 Nomenclature for Figures
The basic nomenclature used in the figures is defined in Appendix A.
This subsection presents additional comments to further clarify the
definition and use of some of the parameter ratios that appear on the
right hand side of the figures. Figure 4.3 will be used to define the
parameters.
MJ is the fully expanded jet Mach number based on the plenum total
pressure and ambient pressure. It includes the effects of variable
specific heat ratio.
and T£ are plenum total temperature and ambient temperature,
respectively.
Uj is the velocity corresponding to M j .
The Reynolds numbers are derived from conditions in the fully expanded
jet and are based on equivalent jet diameter (Dej), nozzle height or
minor axis length (h), and nozzle width or major axis length (w) as
indicated by the subscript.
PA is the ambient pressure.
X/Dej is the X location of the measurement plane in terms of jet
equivalent diameters. X is positive measured downstream from the nozzle
exit.
Z/hj is the vertical offset of a horizontal or diagonal profile. If
is zero, the traverse was made through the center of the baseline jet.
If it is non-zero, the jet was not centered and the traverse was made at
the indicated height in order to pass through the center of the baseline
jet on the Z axis. Z is positive above the center of the nozzle exit.
-56-
Y/WJ is the horizontal offset of a vertical profile. Y is positive to
the right of the nozzle center as viewed from downstream. If Y/w-s is
non-zero, the jet was not centered and the traverse was made at the
indicated value in order to pass through the center of the baseline jet
on the Y axis.
AY is the horizontal offset required to center the peak of a horizontal
or diagonal profile; AZ is the vertical offset required to center a
vertical profile. These offsets are used only to center the plots and do
not change in any way the tabulated as-run values as given in Volume II.
The plots are centered to facilitate the comparison of peak levels and
profile shapes.
A.5.3 Mean Velocity and Temperature Profiles
Representative horizontal, vertical, and diagonal profiles at X/De = 2,
5, 7, 9, 11, and 13 of Mach number ratio are shown in Figures 4.3 through
4.11. Profiles for the unheated subsonic jets are shown in Figures 4.3
through 4.8 and for the heated subsonic jets in Figures 4.9 through 4.11.
Likewise, representative horizontal, vertical, and diagonal profiles of
temperature ratio are shown in Figures 4.12 through 4.14. The
temperature ratio is defined as follows: T/Tj = (Tmeasurec} -
Tambient)/(Tjet exit ~ Tambient)» where T is absolute temperature. The
entire set of data is presented in Appendix B.
A number of observations can be made from these data:
(1) The fact that, in Figure 4.3, the Mach number ratio
Mp/Mj is 1 at X/De = 2 and about 0.85 at X/De = 5,
indicates that the potential core exists up to at
least X/De = 2 which corresponds to a distance of







































































































































































































































































































































































































































































































































































































































































































































































































potential core length is normally 5 jet exit diameters. This
would indicate that if the minor axis nozzle dimension h were
used as a characteristic length for the rectangular jet, it
would provide a better correlation of potential core length
between a rectangular jet and a round jet.
Comparison of Figures 4.3 and 4.4 clearly indicates
that the jet decays rather fast beyond X/De = 2.
(2) The conclusions arrived at above also apply to the
data presented in Figures 4.5 and 4.6 for the
vertical profiles and in Figures 4.7 and 4.8 for the
profiles made along the diagonal of the rectangular
jet. There is, however, a major difference in the
profiles at X/De = 2. Comparison of the profiles in
Figure 4.5 and Figure 4.3 indicates that the
potential core is almost like a sharp knife edge
along the direction of the major axis. This
sharpness clearly reduces for X/De > 7.
(3) Temperature profiles at X/D = 2 were not available.
But the temperature profiles at higher X/De appear
to be consistent with those for the velocity
profiles at the same locations. Figures 4.12
through 4.14 indicate this result.
(4) Unlike the saddle points observed by some
researchers (Reference 17) for low velocity jets, no































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(5) To determine how long it takes for the jet to become
axisymmetric, velocity and temperature profiles
along the major, minor, and diagonal axes were
superimposed as shown in Figure 4.15 for X/De = 11
(X/h = 25.3) and Figure 4.16 for X/De = 15 (X/h =
34). Clearly, it can be see that even at X/De = 15,
the velocity profiles are not identical, but they
are approaching each other. This indicates that
rectangular jets of AR = 4 probably become
axisymmetrical at distances in excess of 34 times
the minor axis jet exit dimension.
4.5.4 Assessment of the Mixing Characteristics of Rectangular Jets
The easiest way to determine if a rectangular jet provides more mixing
than a circular jet is to examine the Mach number distribution as a
function of downstream distance. This is done by comparing Mach number
ratios along the jet centerline of the rectangular jet used in the
present study with a 2-inch round jet as shown in Figures 4.17 and 4.18
for the unheated jet and the heated conditions, respectively. It should
be recalled that the rectangular nozzle used here has an equivalent
diameter of 2 inches (5.08 cm). It can be seen that, for the unheated
and the heated case, the rectangular jet provides considerably more
mixing than the round jet.
The fact that noncircular jets provide faster mixing than circular jets
has been known for a while, but this study appears to be the first one
where round and rectangular nozzles of the same area have been used to
assess this effect.
A comparison of temperature distribution along the jet centerline for the
rectangular and the round jet, presented in Figure 4.19, also shows that



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The temperature of the rectangular jet is much lower than that of the
round jet at all axial locations.
It should be noted that data were acquired only for two temperature
ratios, namely ambient and Tj/Te = 2.3. The effect of heating was to
widen the plume somewhat. This can be seen in Figure 4.20 where the Mach
number ratios for the cold and the heated rectangular jets are plotted as
a function of axial distances as measured along the jet centerline. The
same result was determined for round jets.
4.6 Concluding Comments
Data for a rectangular jet of aspect ratio 4 have been presented for cold
and heated conditions. The data presented in this section were acquired
as the baseline reference to determine the effect of mechanical tabs on
the flow development of rectangular jets.
The major finding of the work reported in this section is that
rectangular jets develop much faster than round jets. Whether this





































































5.0 MIXING MODIFICATION IN RECTANGULAR JETS BY MECHANICAL TABS
5.1 Introduction
Effects of mechanical tabs on the flow development of a rectangular jet
are presented in this section. Three tab sizes were fabricated. The
method of scaling the tabs from the round to the rectangular nozzle is
shown in Figure 5.1. Tab A was the scaled version of the tab used in
the circular nozzle study (Reference 1). Clearly, a configuration with
Type A tabs had two different sized tabs along the minor and the major
axes. Tab B dimensions were one-and-a-half times those of Tab A, and
Tab C was the largest.
Initially, the tests were done with tabs A and B only. It was found that
the larger tab, Tab B, provided better mixing than Tab A. The largest
tab, Tab C, was then tested for a selected configuration.
All data with and without the tabs for the various configurations are
presented in plotted form in Appendix B of this volume of the report, and
the tabulated data are presented separately in Volume II. The data from
those configurations that provided noticeably beneficial effect of the
mechanical tabs are presented herein.
5.2 Experimental Program
The evaluation of mixing modification in rectangular jets by mechanical
tabs was accomplished by comparing the Mach Number and temperature
profiles generated by various tab arrangements to those generated by the



















































































































These experiments were carried out in Lockheed's Jet Flow Facility where
most of the aerodynamic data of previously published Lockheed studies on
jet mixing was obtained. The facility can supply air at temperatures up
to 1000K. and pressure ratios exceeding 4. The plenum-to-nozzle area
ratio was 25 for the tests reported herein.
5.2.2 Rectangular Nozzle and Tabs
The convergent rectangular nozzle used for this study has an aspect ratio
of 4 and is equivalent in area to a 2-inch (5.08 cm) diameter circular
nozzle. As shown in Figure 5.2, the lip region of the nozzle provides
facilities for locating and securing the tabs in position. More details
can be found in Section 2 of this report.
The tabs were machined from bar stock into the shapes shown in Figure
5.2. The initial set of tabs was made in two sizes so that the effects
of tab size could be evaluated. Later in the program, an additional size
was added for evaluation in one of the configurations.
L
5.2.3 Test Conditions and Tab Configurations
At the outset of the program, a number of tab configurations were defined
for the study. Each configuration consists of a set of "large" tabs or
"small" tabs arranged in a unique pattern. The first objective of this
part of the program was to eliminate those configurations that showed
little promise. This was done by comparing the profiles of each





















supersonic conditions. The test conditions and corresponding run numbers
are given in Figure 5.3 (a) and (b). Schematics of the test
configurations are also shown.
Based on the results of that sorting process, two configurations namely,
I-B and III-B, were selected. These provided the final screening of
configurations for the cold jet. The conditions and run numbers for this
series of tests are given in Figure 5.3 (b).
Lastly, the reduced set of tab configurations was evaluated using a
heated subsonic jet as indicated in Figure 5.4. This set of data
provides a comparison of the effects on mixing of cold versus heated
jets.
5.2.4 Test Methodology
The test runs were computer controlled with respect to probe positioning
and data acquisition. Only plenum pressure and temperature were
controlled manually. Data file names and comments were added manually
when data acquisition was completed. In most of the runs, the first and
last test points of each run were measured on the jet axis at
X/De = 1 or 2. This provided readings for the same location taken at the
beginning of the test and at the end of the test. A significant
difference between the readings would indicate a problem in the data for
that test run. Similarly, starting and stopping the tests at the same
location provided a quick and easy verification that the traverse was
completed successfully.
Separate programs were used to reduce the pressure transducer signals to
engineering unit pressures and then to plot Mach number ratio and
temperature ratio profiles.
-83-
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Figure 5.3 (a) Mixing Modification Test Conditions
and Run Numbers - MJ =0.8
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Figure 5.3 (b) Mixing Modification Test Conditions
and Run Numbers - Mj = 1.15
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CONFIGURATION X/DE

































































































Figure 5.3 (c) Mixing Modification Test Conditions and Run
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5.3.1 Flow Development for Selected Test Configurations
Tab dimensions for test configurations I-B, III-B, II-A, IV-A, V-C, VI-B,
VII-B, and I-C are presented in Figure 5.5. Corresponding data for Mj =
0.8 for the Mach number profiles at X/De = 9 are shown for various
*
traverses as described below:
Figures 5.6 through 5.13: Traverse along the major axis
Figures 5.14 through 5.21: Traverse along the minor axis
Figures 5.22 through 5.27: Traverse along the -14° diagonal
Figures 5.28 through 5.35: Traverse along the +14° diagonal
The following observations can be made from these results:
(1) With the exception of configuration IV-A, all configurations
presented in Figures 5.6 through 5.35 show that the centerline
velocity of the jet is indeed reduced by the mechanical tabs.
(2) Configuration I-B was found to give the best overall result
(see Figures 5.6, 5.14, 5.22, and 5.29). Configuration I-C
also performed rather well, but the large size of the tab may
reduce thrust performance.
(3) Further assessment needs to be made for configuration I-C
because limited data was obtained, as this configuration was
studied near the completion phase of the contract.
-88-




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(4) Data for configuration V-C (See Figures 5.10, 5.26 and 5.33)
appears to have significantly narrowed down the cross-section
of the jet at X/De = 9. It appears, however, that mass flow
rate may be constrained because of the large tabs used here.
(5) In general, configurations with tabs aligned along the minor
axis appear to be better performers than those with tabs
aligned along the major axis of the rectangular jet. Tabs
along the minor axis mostly provided velocity profiles that
were depressed around the centerline. Tabs aligned along the
major axis produced a bulge in the middle of the velocity
profile. This observation lead to configuration V-C, which
was an attempt to improve the performance of the horizontal
tab configuration by using the vertical centerline tabs to
counter the tendency of the profile to bulge in the middle.
The resultant mixing was no better than that of the baseline
nozzle.
(6) Data from many of the configurations, (e.g., V-C, II-A)
indicate that the tabs pinch the jet in one direction and
cause it to expand in another. For example, the data for
configuration V-C in Figure 5.10 shows that the cross-section
of the jet at X/De = 9 has reduced considerably along the
major axis, while the data for the same configuration in
Figure 5.18 shows that the jet has spread out in the minor
axis direction.
-120-
5.3.2 Effect of Tab Size
It was found that as the size of the tab was increased, the velocity
profiles were further modified. This is shown in Figures 5.36 through
5.41 for the measurements at-Mj = 0.8, X/De = 9, and for configurations I
through VII for measurements made along the major axes. Similar
measurements along the minor axes are presented in Figure 5.42 through
5.47.
Configurations that have tabs on the horizontal axis of the nozzle are
especially sensitive to tab size as shown in Figure 5.48. The same thing
happens for configuration VII-A which has four vertical tabs, all of
which are off the jet axis as shown in Figure 5.49. When the tab size
for configuration I was increased again to I-C, considerably more
reduction in peak level was achieved.
In summary, large tabs are quite effective in reducing the peak jet
velocity, of course with attendant increased thrust losses.
k
5.3.3 Tab Effects at Supersonic Mach Numbers
In Reference 1, the tabs were found to be particularly effective for
supersonic circular jets. This was partly because of the introduction of
streamwise trailing vortices in the flow that help engulf the ambient
air, and partly due to the introduction of additional shocks at the tab
that help slow down the flow. Similar results, although not so dramatic,
were obtained for the rectangular supersonic jets. Typical velocity
profiles for M^ = 1.15, measured at X/De = 9 for the minor axis are shown
in Figures 5.50 through 5.53. Considerable reduction in the jet Mach
numbers is obtained along the minor axis direction for all of the
configurations tested. Effects along the major axis direction are not so



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Even for this Mach number, the effect of increasing tab size was to
increase the mixing, although the increase was not as dramatic as it was
for the subsonic conditions. Data on the effect of tabs are shown in
Figures 5.61 through 5.66 for tabs A and tabs B for configurations I
through VII.
5.3.4 Effect of Tabs on the Heated Rectangular Jets
Effect of tabs on mixing enhancement of rectangular jets was similar to
that of the unheated jet. This is shown in Figures 5.67 through 5.72 for
measurements made along the minor and major axes, as well as along a
diagonal. Peak velocities are clearly reduced in magnitude.
5.3.5 Effect of Tabs on Total Temperatures of the Jet
Consistent with the velocity data, the total temperatures of the jet,
especially near the jet axis, have been reduced. Typical data are
presented in Figures 5.73 through 5.78.
5.3.6 Mach Number and Temperature Distribution with Distance From the
Jet Exit
Almost all of the data presented so far in this section was for X/De = 9.
and included velocity and temperature profiles. To determine the overall
performance of the jet, centerline distributions or peak distributions of
the Mach numbers or temperatures can be very useful and are examined
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The effect of the vertical centerline tab configurations on the
centerline and peak Mach number ratios is shown in Figure 5.79 and 5.80,
respectively. At X/De = 15, the ratios are about equal whether measured
on the centerline or at the peak of the profile. But, at lower values of
X/De, e.g. 5, there is a great difference between the effects measured on
the centerline and at the peak. The level of the peak value in the Mach
number profile may be a better indicator of the overall amount of mixing
that has taken place in the jet. For this reason, the Mach number ratio
of the peak profile values has been used in assessing the performance of
the various tab configurations later in this section.
It should be noted that as the distance from the nozzle exit increases,
the difference between the two-tab and one-tab configurations diminishes.
Also, the maximum benefit of tabs does not vary a great deal at X/De
positions between about 5 and 15, as shown in Figure 5.80.
5.4 Overall Assessment of the Performance of Tabs with Rectangular
Jets
In general, it was found that there are configurations that do provide
beneficial effects for both temperature and Mach number. Typical results
are summarized in Figure 5.81 where the tabs reduced the temperature and
Mach numbers relative to the baseline configuration at all axial
locations.
As shown in Figure 5.81, configurations I-B, I-C, and III-B have improved
performance relative to the baseline jet when the jet is heated. There
is little difference in the improvement produced by the tabs except feu-




















































































































































































































































































































As mentioned in Section 4, even without tabs, rectangular jets mix much
faster than round jets. As shown in Figure 5.82, further mixing
enhancement can be obtained when tabs are used.
It should also be remarked that the rectangular jets with two tabs
provided better performance than a round jet also fitted with two tabs,
based on centerline velocity profiles as shown, in Figure 5.83. However,
based on peak velocity profiles, this may not be the case. Data are not
available for the round nozzle at X/ < 9 to validate this statement.
5.5 Concluding Comments
It is appropriate here to summarize the results. In all, fourteen
configurations were evaluated at Mj = 0.8 and 1.15 at X/De = 9. The
peaks of the measured Mach number profile are presented as ratios to the
peaks of the baseline Mach number profiles in Figure 5.84. In that
figure, a ratio of one indicates that the peak for the test configuration
is of the same level as the peak of the baseline configuration, that is:
no tabs. Ratios smaller than unity represent better mixing than the
baseline nozzle while ratios greater than units represent poorer
performance. The peak value is used because it provides a conservative
measure of the effects of the tabs on the flow. Centerline profiles, on
the other hand, present an overly optimistic picture of the benefits of
those configurations that have tabs in the center of the long axis of the
nozzles.
Clearly, it can be claimed that, in terms of enhanced mixing, rectangular
jets are by themselves better than round jets. Mixing can be further
enhanced by suitable choices of tabs and tab .configurations.
Unfortunately, this study was not comprehensive enough to make firm
conclusions about the most optimum configuration or the tab size.


































































































































































































































































The following general conclusions were obtained from this study:
1) Intrusive probes can produce significant errors in
themeasurements of the jet velocity if the probes are
large in diameter and penetrate beyond the jet center.
2) Rectangular jets without tabs, compared to circular
jets of the same exit area, provide faster jet mixing.
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Diagonal distance across rectangular nozzle
Tab depth
Diameter of round nozzles
Equivalent diameter = (4A/n)**0.5
Height (smaller dimension) of rectangular nozzle
Degrees Kelvin
Mach number (fully expanded for supersonic)
Nozzle exit perimeter
Reynolds number based on D, De, w, or h
Temperature
Velocity



























B-1.0 DATA ORGANIZATION 192
B-l.l Baseline Plots 192
B-1.2 Mixing Modification for Unheated Subsonic Jets 192
B-1.3 Mixing Modification for Unheated Supersonic Jets 192
B-1.4 Effect of Axial Distance on Mixing Modification 196




B-2.2 Coordinate System and Traverse Paths 200
B-2.3 Nomenclature for Figures 204
-180-
TABLE OF CONTENTS (Cont'd)
PAGE
B-3.0 DATA PLOTS 207
B-3.1 Baseline Plots 207
B-3.2 Mixing Modification for Unheated 229
Subsonic Jets
B-3.3 Mixing Modification for Unheated 260
Supersonic Jets
B-3.4 Effect of Axial Distance on Mixing 289
Modification






B.I Baseline Plots 193
B.2 Mixing Modification for Unheated Subsonic Jets 194
B.3 Mixing Modification for Unheated Supersonic Jets 195
B.4 Effect of Axial Distance on Mixing Modification 197
B.5 Mixing Modification for Heated Subsonic Jets 198
B.6 Miscellaneous 199
B.7 Tab Configurations 201
B.8 Coordinate System 202
B.9 Traverse Paths 203
B.10 Sample for Nomenclature Definition 205
Config. Ill, Vertical Mach Number Profile
B.ll Baseline Horizontal Mach Number Profile, 208
X/De=15,13,ll, Mj=0.8, Tj/T0=l
B.12 Baseline Vertical Mach Number Profile, 209
X/De=15,13,ll, Mj=0.8, Tj/T0=l
B.13 Baseline Diagonal Mach Number Profile, 210
X/De=15,13,ll, Mj=0.8, Tj/T0=l
B.14 Baseline Horizontal Mach Number Profile, , 211
X/De=ll,9,7, Mj=0.8, Tj/T0=l
B.15 Baseline Vertical Mach Number Profile, 212
X/De=ll,9,7, Mj=0.8, Tj/T0=l
B.16 Baseline Diagonal Mach Number Profile, 213
X/De=ll,9,7, Mj=0.8, Tj/T0=l
B.17 Baseline Horizontal Mach Number Profile, 214
X/De=7,5,2, Mj=0.8, Tj/T0=l
-182-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.18 Baseline Vertical Mach Number Profile, 215
X/De=7,5,2, Mj=0.8, Tj/T0=l
B.19 Baseline Diagonal Mach Number Profile, 216
X/De=7,5,2, Mj=0.8, Tj/T0=l
B.20 Baseline Vertical Mach Number Profile, 217
X/De=l, Mj=0.8, Tj/T0=l
B.21 Baseline Diagonal Mach Number Profile, 218
X/De=l, Mj=0.8, Tj/T0=l
B.22 Baseline Horizontal Mach Number Profile, 219
X/De=13,9,7, Mj=0.8, Tj/T0=2.3
B.23 Baseline Vertical Mach Number Profile, 220
X/De=13,9,7, Mj=0.8, Tj/T0=2.3
B.24 Baseline Horizontal Mach Number Profile, 221
X/De=9,7,5, Mj=0.8, Tj/T0=2.3
B.25 Baseline Vertical Mach Number Profile, 222
X/De=9,7,5, Mj=0.8, Tj/T0=2.3
B.26 Baseline Diagonal Mach Number Profile, 223
X/De=9,5, Mj=0.8, Tj/T0=2.3
B.27 Baseline Horizontal Temperature Profile, 224
X/De=13,9,7, Mj=0.8, Tj/T0=2.3
B.28 Baseline Vertical Temperature Profile, 225
X/De=13,9,7, Mj=0.8, Tj/T0=2.3
B.29 Baseline Horizontal Temperature Profile, 226
X/De=9,7,5, Mj=0.8, Tj/T0=2.3
B.30 Baseline Vertical Temperature Profile, 227
X/De=9,7,5, Mj=0.8, Tj/TQ=2.3
B.31 Baseline Diagonal Temperature Profile, 228
X/De=9,5, Mj=0.8, Tj/T0=2.3
B.32 Configuration I, Horizontal Mach Number Profile, 230
X/De=9, Mj=0.8, Tj/T0=l
-183- ^^


















Configuration I, Vertical Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration I, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
Configuration I, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=14°
Configuration III, Horizontal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration III, Vertical Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration III, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
Configuration III, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=14°
Configuration II, Horizontal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration II, Vertical Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration II, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
Configuration II, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=14°
Configuration IV, Horizontal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration IV, Vertical Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l
Configuration IV, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
Configuration IV, Diagonal Mach Number Profile,
X/De=9, Mj=0.8, Tj/T0=l, 9=14°




















LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.49 Configuration VI, Vertical Mach Number Profile, 247
X/De=9, Mj=0.8, Tj/T0=l
B.50 Configuration VI, Diagonal Mach Number Profile, 248
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
B.51 Configuration VI, Diagonal Mach Number Profile, 249
X/De=9, Mj=0.8, Tj/T0=l, 6=14°
B.52 Configuration VII, Horizontal Mach Number Profile, 250
X/De=9, Mj=0.8, Tj/T0=l
B.53 Configuration VII, Vertical Mach Number Profile, 251
X/De=9, Mj=0.8, Tj/T0=l
B.54 Configuration VII, Diagonal Mach Number Profile, 252
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
B.55 Configuration VII, Diagonal Mach Number Profile, 253
X/De=9, Mj=0.8, Tj/T0=l, 6=14°
B.56 Configuration V-C, Horizontal Mach Number Profile, 254
X/De=9, Mj=0.8, Tj/T0=l
B.57 Configuration V-C, Vertical.Mach Number Profile, 255
X/De=9, Mj=0.8, Tj/T0=l
B.58 Configuration V-C, Diagonal Mach Number Profile, 256
X/De=9, Mj=0.8, Tj/T0=l, 9=-14°
B.59 Configuration V-C, Diagonal Mach Number Profile, 257
X/De=9, Mj=0.8, Tj/T0=l, 9=14°
B.60 Configuration I-C, Horizontal Mach Number Profile, 258
X/De=9, Mj=0.8, Tj/T0=l
B.61 Configuration I-C, Vertical Mach Number Profile. 259
X/De=9, Mj=0.8, Tj/T0=l
B.62 Configuration I, Horizontal Mach Number Profile, 261
X/De=9, Mj=1.15, Tj/T0=l
B.63 Configuration I, Vertical Mach Number Profile, 262
X/De=9, Mj=1.15, Tj/T0=l
-185-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.64 Configuration I, Diagonal Mach Number Profile, 263
X/De=9, Mj=1.15, Tj/T0=l, 9=-14°
B.65 Configuration I, Diagonal Mach Number Profile, 264
X/De=9, Mj=1.15, Tj/T0=l, 9=14°
B.66 Configuration III, Horizontal Mach Number Profile, 265
X/De=9, Mj=1.15, Tj/T0=l
B.67 Configuration III, Vertical Mach Number Profile, 266
X/De=9, Mj=1.15, Tj/T0=l
B.68 Configuration III, Diagonal Mach Number Profile, 267
X/De=9, Mj=1.15, Tj/T0=l, 9=-14°
B.69 Configuration III, Diagonal Mach Number Profile, 268
X/De=9, Mj-1.15, Tj/T0=l, 0=14°
B.70 Configuration II, Horizontal Mach Number Profile, 269
X/De=9, Mj=1.15, Tj/T0=l
B.71 Configuration II, Vertical Mach Number Profile, 270
X/De=9, Mj=1.15, Tj/T0=l
B.72 Configuration II, Diagonal Mach Number Profile, 271
X/De=9, Mj-1.15, Tj/T0=l, 9=-14°
B.73 Configuration II, Diagonal Mach Number Profile, 272
X/De=9, Mj=1.15, Tj/T0=l, 9=14°
B.74 Configuration IV, Horizontal Mach Number Profile, 273
X/De=9, Mj-1.15, Tj/T0=l
B.75 Configuration IV, Vertical Mach Number Profile, 274
X/De=9, Mj=1.15, Tj/T0=l
B.76 Configuration IV, Diagonal Mach Number Profile, 275
X/De=9, Mj=1.15, Tj/T0=l, 9=-14°
B.77 Configuration IV, Diagonal Mach Number Profile, 276
X/De=9, Mj=1.15, Tj/T0=l, 9=14°
B.78 Configuration VI, Horizontal Mach Number Profile, 277
X/De=9, Mj-1.15, Tj/T0=l
-186-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.79 Configuration VI, Vertical Mach Number Profile, 278
X/De=9, Mj=1.15, Tj/T0=l
B.80 Configuration VI, Diagonal Mach Number Profile, 279
X/De=9, Mj=1.15, Tj/T0=l, e=-14°
B.81 Configuration VI, Diagonal Mach Number Profile, 280
X/De=9, Mj-1.15, Tj/T0=l, 6=14°
B.82 Configuration VII, Horizontal Mach Number Profile, 281
X/De=9, Mj=1.15, Tj/T0=l
B.83 Configuration VII, Vertical Mach Number Profile, 282
X/De=9, Mj=1.15, Tj/T0=l
B.84 Configuration VII, Diagonal Mach Number Profile, 283
X/De=9, Mj.1.15, Tj/T0=l, 9=-14°
B.85 Configuration VII, Diagonal Mach Number Profile, 284
X/De=9, Mj=1.15, Tj/T0=l, 0=14°
B.86 Configuration V-C, Horizontal Mach Number Profile, 285
X/De=9, Mj=1.15, Tj/T0=l
B.87 Configuration V-C, Vertical Mach Number Profile, 286
X/De=9, Mj=1.15, Tj/T0=l
B.88 Configuration V-C, Diagonal Mach Number Profile, 287
X/De=9, Mj-1.15, Tj/T0=l, G=-14°
B.89 Configuration V-C, Diagonal Mach Number Profile, 288
X/De=9, Mj=1.15, Tj/T0=l, 0=14°
B.90 Configuration I-B, Horizontal Mach Number Profile, 290
Mj=0.8, Tj/T0=l, X/De=7,5,2
B.91 Configuration I-B, Vertical Mach Number Profile, 291
Mj=0.8, Tj/T0=l, X/De=7,5,2
B.92 Configuration I-B, Diagonal Mach Number Profile, 292
Mj=0.8, Tj/T0=l, 0=-14°, X/De=7,5,2
B.93 Configuration I-B, Horizontal Mach Number Profile, 293
Mj=0.8, Tj/T0=l, X/De=15,13,ll
-187-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.94 Configuration I-B, Vertical Mach Number Profile, 294
Mj=0.8, Tj/T0=l, X/De=15,13,ll
B.95 Configuration I-B, Diagonal Mach Number Profile, 295
Mj=0.8, Tj/T0=l, 0=-14°, X/De=15,13,ll
B.96 Configuration III-B, Horizontal Mach Number Profile, 296
Mj=0.8, Tj/T0=l, X/De=7,5,2
B.97 Configuration III-B, Vertical Mach Number Profile, 297
Mj=0.8, Tj/T0=l, X/De=7,5,2
B.98 Configuration III-B, Diagonal Mach Number Profile, 298
Mj=0.8, Tj/T0=l, 6=-14°, X/De=7,5,2
B.99 Configuration III-B, Horizontal Mach Number Profile, 299
Mj=0.8, Tj/T0=l, X/De=15,13,ll
B.100 Configuration III-B, Vertical Mach Number Profile, 300
Mj=0.8, Tj/T0=l, X/De=15,13,ll
B.101 Configuration III-B, Diagonal Mach Number Profile, 301
Mj=0.8, Tj/T0=l, 9=-14°, X/De=15,13,ll
B.102 Mixing Modification, Horizontal Mach Number Profile, 303
Config. I-B,I-C, X/De=13, Mj=0.8, Tj/T0=2.3
B.103 Mixing Modification, Vertical Mach Number Profile, 304
Config. I-B,I-C, .X/De=13, Mj=0.8, Tj/T0=2.3
B.104 Mixing Modification, Horizontal Mach Number Profile, 305
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
B.105 Mixing Modification, Vertical Mach Number Profile, 306
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
B.106 Mixing Modification, Diagonal Mach Number Profile, 307
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3, 9=-14°
B.107 Mixing Modification, Horizontal Mach Number Profile, 308
Config. I-B, X/De=7, Mj=0.8, Tj/T0=2.3
B.108 Mixing Modification, Vertical Mach Number Profile, 309
Config. I-B, X/De=7, Mj=0.8, Tj/T0=2.3
-188-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.109 Mixing Modification, Horizontal Mach Number Profile, 310
Config. I-B, X/De=5, Mj=0.8, Tj/T0=2.3
B.110 Mixing Modification, Vertical Mach Number Profile, 311
Config. I-B, X/De=5, Mj=0.8, Tj/T0=2.3
B.lll Mixing Modification, Diagonal Mach Number Profile, 312
Config. I-B, X/De=5, Mj=0.8, Tj/TQ=2.3, 9=-14°
B.112 Mixing Modification, Horizontal Mach Number Profile, 313
Config. III-B, X/De=9, Mj=0.8, Tj/TQ=2.3
B.113 Mixing Modification, Vertical Mach Number Profile, 314
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
B.114 Mixing Modification, Diagonal Mach Number Profile, 315
-Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3, 9=-14°
B.115 Mixing Modification, Horizontal Temperature Profile, 316
Config. I-B,I-C, X/De=13, Mj=0.8, Tj/T0=2.3
B.116 Mixing Modification, Vertical Temperature Profile, 317
Config. I-B,I-C, X/De=13, Mj=0.8, Tj/T0=2.3
B.117 Mixing Modification, Horizontal Temperature Profile, 318
Config. I-B,I-C, X/De=9, Mj=0.8, Tj/T0=2.3
B.118 Mixing Modification, Vertical Temperature Profile, 319
Config. I-B,I-C, X/De=9, Mj=0.8, Tj/T0=2.3
B.119 Mixing Modification, Horizontal Temperature Profile, 320
Config. I-B,I-C, X/De=9, Mj=0.8, Tj/TQ=2.3, 9=-14°
B.120 Mixing Modification, Horizontal Temperature Profile, 321
Config. I-B, X/De=7, Mj=0.8, Tj/T0=2.3
B.121 Mixing Modification, Vertical Temperature Profile, 322
Config. I-B, X/De=7, Mj=0.8, Tj/T0=2.3
B.122 Mixing Modification, Horizontal Temperature Profile, 323
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
-189-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.123 Mixing Modification, Vertical Temperature Profile, 324
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
B.124 Mixing Modification, Diagonal Temperature Profile, 325
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3, 0=-14°
B.125 Mixing Modification, Horizontal Temperature Profile, 326
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
B.126 Mixing Modification, Vertical Temperature Profile, 327
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3
B.127 Mixing Modification, Diagonal Temperature Profile, 328
Config. III-B, X/De=9, Mj=0.8, Tj/T0=2.3, 9=-14°
B.128 Baseline Horizontal Mach Number Profiles, Circular 330
Nozzle> Mj=0.8, Tj/T0=l, X/De=ll,13, De=50.8 mm
B.129 Baseline Vertical Mach Number Profiles, Circular 331
Nozzle, Mj=0.8, Tj/TQ=l, X/De=ll,13, De=50.8 mm
B.130 Symmetry of Vertical Mach Number Profile, 4-Inch 332
Pipe, Mj=0.2, Tj/T0=l, X/D=1
B.131 Symmetry of Horizontal Mach Number Profile, Circular 333
Nozzle, Mj=0.8, Tj/TQ=1.6, X/D=3
B.132 Symmetry of Horizontal Temperature Profile, Circular 334
Nozzle, Mj=0.8, Tj/T0=1.6, X/D=3
B.133 Comparison of Temperature Profiles Measured by Centre 335
and Kiel Probes, Circular Nozzle, M-:=0.8, T-s/TQ=1.6,
X/D=3
B.134 Horizontal Mach Number Profile, With and Without 336
Thermocouple, Circular Nozzle, M-:=0.8, T-j/T0=1.6,
X/D=3
B.135 Vertical Mach Number Profiles from Below and Above 337
the Circular Nozzle, Mj=0.8, Tj/T0=1.6, X/D=3
B.136 Vertical Mach Number Profiles Measured by Kiel and 338
Boundary Layer Probes, Circular Nozzle, M-j=0.8,
Tj/T0=1.6, X/D=3
-190-
LIST OF FIGURES (CONT'D)
FIGURE TITLE PAGE
B.137 Horizontal Mach Number Profiles Measured by Kiel 339
and Boundary Layer Probes in the Absence of Tones,
Circular Nozzle, Mj=0.8, Tj/T0=1.59, X/D=9
B.138 Vertical Temperature Profiles Measured from Below 340
and Above by the Kiel Probe, Circular Nozzle, M^=0.8,
Tj/T0=1.6, X/D=3
B.139 Horizontal Mach Number Profiles Measured by Boundary 341
Layer Probe and LV, Circular Nozzle, M^=0.8,
Tj/T0=1.6, X/D=3
B.140 Effect of Nozzle Inversion on Vertical Mach Number 342
Profile, Mj=0.8, Tj/T0=l, X/D=1
B.141 Symmetry of Vertical Mach Number Profile, 343
Mj=0.8, Tj/T0=l X/D=1
B.142 Baseline Vertical Mach Number Profile, 344
Mj = 0.8, Tj/T0 = 1, X/De = 1
B.143 Baseline Diagonal Mach Number Profile, 345
Mj = 0.8, Tj/To = 1, X/De = 1, -14°
-191-
B-1.0 DATA ORGANIZATION
The data in this appendix are arranged in groupings that reflect the use
of the data. This arrangement facilitates comparisons of data by
directly providing plots showing an altered profile and the corresponding
baseline profile and by placing in the same group those profiles that are
most likely to be compared. For added convenience, some profiles, such
as baselines, appear in more than one of the major groupings.
B-l.l Baseline Plots
Velocity and temperature plots for the rectangular nozzle with no tabs
installed are referred to as baseline plots. There are three (3) sets in
this group unheated subsonic, unheated supersonic, and heated subsonic.
The data sheets (called "file name" on the listings of Volume II) are
given in Figure B.I.
B-1.2 Mixing Modification for Unheated Subsonic Jets
The plots in this section show the effect of various tab configurations,
including tab sizes, on the velocity profiles for the unheated supersonic
jet. These profiles show the modified profile or profiles along with the
corresponding baseline profile. Figure B.2 lists the data that is
presented in this section.
B-1.3 Mixing Modification for Unheated Supersonic Jets
This section contains data for the unheated supersonic jet for
essentially the same configurations as the previous section. The data
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Figure B.3 Mixing Modification for Unheated Supersonic Jets
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B-1.4 Effect of Axial Distance on Mixing Modification
The plots in this section illustrate the development of mixing
modification by selected configurations as a function of X/De location.
The data sets are listed in Figure B.4.
B-1.5 Mixing Modification for Heated Subsonic Heats
This section compares the modification of jet velocity and temperature
profiles by certain tab configurations with a heated subsonic jet.
Again, the modified profiles are compared with the corresponding baseline
profiles. Figure B.5 lists the data sets used here.
B-1.6 Miscellaneous
This section contains miscellaneous plots such as those made with the
round two-inch and four-inch diameter nozzles. Figure B.6 lists the test
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This section presents a description of the tab configurations
investigated, the coordinate system, the traverse paths used, and the
nomenclature for the figures.
B-2.1 Configurations
The configurations tested are shown in Figure B.7.
B-2.2 Coordinate System and Traverse Paths
The orthogonal coordinate system has its origin at the center of the
nozzle exit plane. The X-coordinate is positive in the downstream
direction, the Y-coordinate is positive to the left of the jet axis
looking downstream, and the Z-coordinate is positive upwards as shown in
Figure B.8.
Horizontal traverses were made through the axis of the jet and parallel
to the major axis of the rectangular nozzle. Vertical traverses were
made similarly but referenced to the minor axis of the nozzle. Diagonal
traverses were made in the horizontal direction but with the nozzle
rotated clockwise 14° looking downstream for the -14° case, and
counterclockwise for the +14° case. These traverses are shown in Figure
B.9. For the round nozzles, the traverses were simply horizontal or




































































































B-2.3 Nomenclature for Figures
The basic nomenclature used in the figures is defined in Appendix A.
This subsection presents additional comments to further clarify the
definition and use of some of the parameter ratios that appear on the
right hand side of the figures. Figure B.10 will be used to define the
parameters.
MJ is the fully expanded jet Mach number based on the plenum total
pressure and ambient pressure. It includes the effects of variable
specific heat ratio.
and T£ are plenum total temperature and ambient temperature,
respectively.
Uj is the velocity corresponding to MJ .
The Reynolds numbers are derived- from conditions in the fully expanded
jet and are based on equivalent jet diameter (Dej), nozzle height or
minor axis length (h), and nozzle width or major axis length (w) as
indicated by the subscript.
PA is the ambient pressure.
X/Dej is the X location of the measurement plane in terms of jet
equivalent diameters. X is positive measured downstream from the nozzle
exit.
Z/hj is the vertical offset of a horizontal or diagonal profile. If Z/j^
is zero, the traverse was made through the center of the baseline jet.
If it is non-zero, the jet was not centered and the traverse was made at
the indicated height in order to pass through the center of the baseline







































































































































































































































































































































































































































































































































































Y/WJ is the horizontal offset of a vertical profile. Y is positive to
the right of the nozzle center as viewed from downstream. If Y/vj is
non-zero, the jet was not centered and the traverse was made at the
indicated value in order to pass through the center of the baseline jet
on the Y axis.
AY is the horizontal offset required to center the peak of a horizontal
or diagonal profile; AZ is the vertical offset required to center a
vertical profile. These offsets are used only to center the plots and do
not change in any way the tabulated as-run values as given in Volume II.
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